We have recently identified a new G protein-coupled receptor, msr/apj, whose transcripts are detected in the endothelium of the primary blood vessels and the newly forming heart (Mech. Dev. 1999;84:199). Its expression during formation of the embryonic vasculature incited us to investigate whether expression of the receptor also increased during the formation of retinal vessels, which occurs postnatally in the mouse. Interestingly, msr/apj transcripts are indeed associated with the forming vessels and trace the centrifugal extension of the superficial vasculature. We also show that expression of the endogenous ligand apelin is upregulated at the leading edge of vessel formation. q
Results
In a search for the involvement of serpentine receptors in embryonic signalling, we identified a new G proteincoupled receptor, X-msr, which is expressed in the endothelium of newly forming heart and blood vessels (Devic et al., 1996) . Molecular phylogeny analysis revealed that the amphibian X-msr receptor is clearly homologous to the human APJ receptor (O'Dowd et al., 1993) . Taking advantage of this structural homology, we cloned the murine msr/ apj receptor and showed that msr/apj transcripts are also localized in the endothelial layer of the forming vessels during embryogenesis (Devic et al., 1999a) . Accordingly, the similarity in structure and expression patterns of the amphibian and murine receptors suggest that X-msr and msr/apj genes are orthologous.
Because this gene is strongly expressed during embryonic formation of the vascular network, we decided to investigate whether its expression was also increased during the formation of retinal vessels, which occurs postnatally in the mouse.
The superficial layer of vessels forms at the retinal surface, extending from the optic disk towards the periphery and reaching the edge of the retina by postnatal day 10 (P10) (Connolly et al., 1988) . Interestingly, in situ hybridization on flat-mounted pup retinas reveals that the expression of the msr/apj receptor is associated with the formation of the retinal vessels and coincides with the centrifugal extension of the superficial vasculature ( Fig. 1) . At P1, msr/apj transcripts are detected inside newly forming large vessels that extend from the optic disk (Fig. 1A) . At P5, the labelling is associated with the large radial vessels and also with the small branches that are growing out to the edge of the retina (Fig. 1B) . At P10, the entire superficial vasculature, from the optic disk towards the edge of the retina, is stained by the antisense probe (Fig. 1C) . From P10 to P15, remodelling occurs, resulting in a mature capillary network which is ultimately covered by pericytes. Interestingly, expression of the receptor is down-regulated when the retinal vessels become mature (Fig. 1D) .
The recent characterization of apelin, the endogenous ligand for the human apj receptor (Tatemoto et al., 1998) , prompted us to clone the murine gene (Habata et al., 1999) and analyze its expression during vascularization of the retina.
In situ hybridization with the antisense apelin probe reveals no transcripts in the large vessels at any developmental stage (Fig. 2) . Furthermore, expression of the preproapelin gene in small vessels is restricted to the peripheral zone of extension of the superficial vasculature, close to the optic disk at P3 ( Fig. 2A) , near the middle of the (01)00558-5 www.elsevier.com/locate/modo retina at P5 (Fig. 2B ) and almost at the edge of the retina at P7 (Fig. 2C ). This conclusion is validated by comparing in situ hybridization labelling with isolectin staining, which reveals the whole retinal vasculature (Fig. 2D-F ). To define with greater precision the cells expressing the preproapelin gene, we compared the localization of preproapelin transcripts (Fig. 3A) , isolectin B4 binding (Fig. 3B ) and expression of glial fibrillary acidic protein (GFAP) (Fig. 3C) . Our results suggest that preproapelin transcripts are not expressed by astrocytes but are restricted to some endothelial cells at the peripheral zone of vessel extension.
Although the temporal expression of the msr/apj and preproapelin genes is concomitantly up-regulated, there is a clear difference in their spatial patterns of expression throughout the period of formation of the retinal vessels. In view of the structural (Devic et al., 1999b) and functional Edinger et al., 1998) relationship between the msr/apj receptor and CXC chemokine receptors, the presence of preproapelin mRNA at the front of the branching sprouts of extending vessels is indicative of a possible chemotactic function of this ligand for the endothelial cells expressing msr/apj at their surface.
Material and methods

Preparation of retinas for flat mounts
C57BL/6J mice of postnatal (P) ages (in days) P1, P5, P10 and P15 were killed by intraperitoneal injection of an overdose of ketamine (300 mg/g body weight). Both eyes were removed and fixed in 4% paraformaldehyde in phosphate-buffered saline (PBS) at 48C overnight. The cornea, lens and vitreous were then discarded, and three to four radial sections were placed in the posterior eye cup. The retina was washed four times for 30 min with PBS containing 0.1% Tween. It was then separated from the underlying pigmented epithelium and progressively equilibrated in hybridization buffer (5 £ SSC, 50% formamide, 100 mg/ ml Torula RNA, 50 mg/ml heparin, 0.1% CHAPS, 5 mM EDTA at pH 7.5) and finally stored at 2208C. A whole retina from a 1-day-old mouse. Note the high levels of msr/apj transcripts in the centre of the retina, where retinal vessels form and elongate towards the periphery. (B) A whole retina from a 5-day-old mouse. Expression of the msr/apj gene is observed not only in the large retinal vessels that develop radially from the optic disk, but also in the small vessels that grow towards the edge of the retina. Note that the peripheral, non-vascular edge of the retina is unstained. (C) A whole retina from a 10-day-old mouse. The msr/apj gene is clearly expressed throughout the vascular system, in large and small vessels, from the optic disk to the ora serrata. Note that the retinal vessels, which have reached the edge of the retina, are now labelled by the antisense probe. (D) A whole retina from a 15-day-old mouse. No expression of the msr/apj gene is detectable anywhere in the vasculature of the retina.
Cloning of mouse preproapelin cDNA
Using a 5 0 primer located between nucleotides 221 and 241 of a rat EST sequence (AA942831) and a 3 0 primer located between nucleotides 192 and 173 of a mouse EST sequence (AI391055), we were able to amplify a 354 pb DNA fragment. The cDNA contains 100 nucleotides of the 5 0 untranslated region, 231 nucleotides corresponding to the coding region and 23 nucleotides of the 3 0 untranslated region. The EMBL accession number for the mouse preproapelin cDNA is AJ290423.
In situ hybridization
Whole-mount in situ hybridization was performed using digoxygenin-labeled antisense RNA probes of msr/apj gene (136 nucleotides in the 5 0 untranslated region and the entire coding sequence) and of preproapelin gene (100 nucleotides in the 5 0 untranslated region and the entire coding sequence). Both cDNAs, subcloned in pIBI 31 vector were linearized with BamHI and transcribed in vitro in the presence of DIG-11-UTP (Boehringer, Mannheim). Flat-mounted retinas were prepared, hybridized and stained by the method previously described (Devic et al., 1996) with some modifications. The temperature of the prehybridization step was 688C for 4 h and that of hybridization 688C overnight. The detection was performed with alkaline phosphatase-coupled anti-digoxygenin antibodies (1/2000) overnight at 48C. After washing, the chromogenic reaction was obtained with NBT-BCIP substrate (Promega).
Isolectin B4 immunohistochemistry
Following in situ hybridization, the retinas were washed with PBS-0.1% Triton. The retinas were then incubated with the Bandeiraea simplicifolia isolectin B4 conjugated to FITC (Sigma) for 2 h and blood vessels were visualized by fluorescence as described by Alon et al., 1995. 
Expression of GFAP
After an incubation in PBS-0.1%Tween-1%BSA for 1 h, retinas were incubated with a primary antibody to GFAP overnight at 48C. Retinas were washed with PBS-0.1%Tween and the secondary antibody (anti-rabbit conjugated to Cy3) was added for 2 h at room temperature. After several washings, retinas were viewed with fluorescence microscopy. Fig. 3 . Comparison between the binding of isolectin B4 (A), the localization of preproapelin transcripts (B) and GFAP expression (C) on a 400-fold magnification of a retina from a 7-day-old mouse. Note that the localization of preproapelin transcripts does not overlap with expression of GFAP. On the other hand, expression of the preproapelin gene is observed at the leading edge of forming vessels, where it coincides with isolectin B4 binding.
